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ABSTRACT:
Translation initiation factors are over-expressed and/or activated in many 
human cancers and may contribute to their genesis and/or progression.  Removal 
of physiologic restraints on translation initiation causes malignant transformation. 
Conversely, restoration of physiological restrains on translation initiation reverts 
malignant phenotypes. Here, we extensively characterize the anti-cancer activity 
of two small molecule inhibitors of translation initiation: #1181, which targets the 
eIF2∙GTP∙Met-tRNAi ternary complex, and 4EGI-1, which targets the eIF4F complex. In 
vitro, both molecules inhibit translation initiation, abrogate preferentially translation 
of mRNAs coding for oncogenic proteins, and inhibit proliferation of human cancer 
cells. In vivo, both #1181 and 4EGI-1 strongly inhibit growth of human breast and 
melanoma cancer xenografts without any apparent macroscopic- or microscopic-
toxicity. Mechanistically, #1181 phosphorylates eIF2α while 4EGI-1 disrupts eIF4G/
eIF4E interaction in the tumors excised from mice treated with these agents. These 
data indicate that inhibition of translation initiation is a new paradigm in cancer 
therapy.
INTRODUCTION
Eukaryotic translation is regulated by the eukaryotic 
translation initiation factors (eIFs), features of mRNAs, 
and signaling pathways. Two multi-protein complexes are 
rate limiting for translation initiation. The eIF4F complex 
is formed by the scaffolding protein eIF4G the RNA 
helicase eIF4A, and the mRNA cap binding protein eIF4E. 
The ternary complex (TC) is formed by the interaction 
of eIF2 with GTP and initiator methionine tRNA (Met-
tRNAi). The eIF4F complex binds to the mRNA 5’ cap 
structure and associates with 40S ribosomal subunit, 
the TC, and other translation initiation factors to form 
the 48S pre-initiation complex that scans the mRNA 5’ 
untranslated region (5’UTR) to locate the AUG initiation 
codon. 
Translation initiation plays a critical role in cell 
growth and malignant transformation [1-6]. In quiescent 
cells eIF4E-binding proteins (4E-BPs) restrict the 
abundance of the eIF4F complex, while phosphorylation 
of eIF2α on S51 restricts the availability of the TC. In 
proliferating cells, phosphorylation of 4E-BPs reduces 
their affinity for eIF4E and increases the abundance of 
the eIF4F complex [7]. Similarly dephosphorylation of 
eIF2α allows for eIF2B catalyzed GDP-GTP exchange 
on the eIF2∙GDP, and increases the abundance of the TC. 
Malignant transformation is associated with a preferential 
increase in the translation of mRNAs encoding for 
growth factors and/or oncogenic proteins. These mRNAs 
contain long and highly structured 5’UTRs, multiple 
upstream untranslated open reading frames (uORFs), or Oncotarget 2012; 3: 869-881 870 www.impactjournals.com/oncotarget
other features that reduce their translational efficiency 
and  render  them  highly  dependent  on  the  activity  of 
translation initiation factors [4, 5]. Housekeeping proteins, 
on the other hand, are coded for by efficiently translated 
mRNAs with short and simple 5’UTRs. Unrestricted 
translation, therefore, preferentially increases the 
expression of oncogenic proteins and promotes malignant 
transformation [8-11]. Consistently, restricting translation 
initiation by reducing the abundance of either eIF4F or 
TC preferentially decreases the expression of oncogenic 
proteins thereby reverting malignant phenotypes [12-14].
Levels of eIF4E [8, 15-19], eIF4G [6, 20] and eIF4A 
[21, 22] are frequently up-regulated in human cancers. 
Notably,  in  head  and  neck  and  breast  cancers,  levels 
of eIF4E correlate with disease progression and poor 
prognosis [8, 10, 18, 23]. Similarly, in non-Hodgkin’s 
lymphomas  and  thyroid  carcinomas,  levels  of  eIF2α 
correlate with disease status [24-26]. 
In experimental models of cancer forced expression 
of  eIF4E  [27],  of  a  constitutively  active  but  non-
phosphorylatable  mutant  of  eIF2α  (eIF2α-S51A)  [11] 
or of initiator Met-tRNAi [28] transforms immortalized 
fibroblasts. Conversely, decreasing the levels of eIF4E 
by treatment with eIF4E anti-sense RNA or its activity 
by ectopic expression of 4E-BPs partially reverses the 
transformed phenotypes [9, 12, 13]. Pharmacologically, 
treatment with eIF4E anti-sense RNA or agents that induce 
phosphorylation of eIF2α inhibits translation initiation and 
proliferation of cancer cells in vitro, and reduces tumor 
growth  in  animal  models  of  human  cancers  [29-31]. 
Similarly, inhibitors of the mammalian target of rapamycin 
(mTOR), which reduces phosphorylation of 4E-BPs [32, 
33], exert anti-cancer activity in vitro [14, 34] and in vivo 
[35]. Finally, small molecules such as pateamine A and 
Figure 1: #1181 and 4EGI-1 inhibit translation initiation. A) CRL-2813 human melanoma cells were treated with the indicated 
concentrations of #1181, cell lysates were probed with antibodies specific to S51 phosphorylated eIF2α, total eIF2α, CHOP and β-Actin. 
B) CRL-2813 cells were treated with the indicated concentrations of 4EGI-1, eIF4E was pulled-down from the lysates using M7GDP 
Sepharose cap affinity column. Proteins were eluted from the column with free M7GDP and probed with antibodies specific to eIF4G, eIF4E 
or 4E-BP1. C) Cells were treated with 10 µM #1181 or 50 µM 4EGI-1 for 3 hours, cytoplasmic extracts were overlaid on 15-60% sucrose 
gradient and subjected to ultracentrifugation. The gradients were eluted from the bottom under constant monitoring at 254 nm.Oncotarget 2012; 3: 869-881 871 www.impactjournals.com/oncotarget
silvestrol - reduce the activity of the eIF4F complex by 
modulating  the  activity  of  eIF4A  thereby  suppressing 
translation initiation [36-38]. Taken together, these data 
indicate that translation initiation is a promising new 
paradigm and an attractive target for the development of 
anti-cancer agents.
We  previously  reported  the  identification  of  the 
translation initiation inhibitor 4EGI-1, which binds to 
eIF4E and thereby disrupts eIF4E/eIF4G interaction [39]. 
Additionally, we reported on  the development of #1181 
[40], which causes eIF2α phosphorylation [40] thereby 
inhibiting cap-dependent translation and proliferation of 
cancer cells. These findings suggested that 4EGI-1 and 
#1181 are suitable probes for testing the hypothesis that 
small molecule inhibitors of translation initiation are 
mechanism specific anti-cancer agents. 
Here we report the anti-cancer efficacy, mode of 
action, pharmacokinetics, and toxicity profiles of 4EGI-
1 and #1181. Both agents inhibit translation initiation 
and preferentially abrogate expression of oncogenic 
proteins in vitro. In vivo, 4EGI-1 and #1181 strongly 
inhibit tumor growth in xenograft models of human breast 
and melanoma cancers with no sign of macroscopic- or 
microscopic-toxicity at therapeutic doses. In xenograft 
tumors, #1181 phosphorylates eIF2α and 4EGI-1 disrupts 
eIF4G/eIF4E interaction. Both agents inhibit expression of 
oncogenic proteins such as cyclin E, cyclin D1, c-Myc and 
Bcl-2 in vivo. We conclude that translation initiation can 
be pharmacologically targeted for cancer therapy.
Figure 2: #1181 increases the recruitment of ATF-4, a downstream effector eIF2α phosphorylation, to heavy polysomes 
but does not inhibit protein synthesis in cell-free extracts. A) Total RNA was prepared from CRL-2813 cells incubated for 3 
hours in the presence or absence of #1181. ATF-4 mRNA levels were determined by QRT-PCR. B) The distribution of ATF-4 mRNA along 
the polysome profile was determined using fractioned RNA from polysome profiles shown in Figure 1C. C) The wild type eIF2α or S51A 
mutant eIF2α expressing PC3 cells were treated with #1181 in indicated concentrations [48]. The growth inhibition was measured by SRB 
assay. D)  The in vitro translation assay was performed according to the protocol of Retic Lysate IVTTM Kit (Ambion, cat. #AM1200). 
The effect of #1181 on the translation efficiency of luciferase RNA (Promega, cat. #L4561) was determined by measuring the luminescence 
with Wallac Envision Reader.Oncotarget 2012; 3: 869-881 872 www.impactjournals.com/oncotarget
RESULTS
In vitro characterization of #1181 and 4EGI-1.
Based  on  the  high  prevalence  of  breast  cancer 
and melanoma, we screened approximately 20 different 
melanoma and breast cancer cell lines using a combination 
of IC50 in vitro (Supplemental Table S1) and tumorigenicity 
in nude mice as final selection criteria. Consequently, 
human melanoma (CRL-2813) and breast cancer (MCF-7 
and CRL-1500) cells were chosen for testing the in vitro 
and in vivo efficacy of #1181 and 4EGI-1. 
Inhibition of translation initiation in vitro:  In 
mechanistic assays, #1181 induced phosphorylation of 
eIF2α  (Figure 1A). As shown previously, 4EGI-1 reduced 
the association of eIF4G with eIF4E (Figure 1B) [39]. 
Both compounds shifted the polysome profile of cancer 
cells from heavy to light polysomes or free ribosomal 
subunits (Figure 1C), clearly demonstrating that #1181 
and 4EGI-1 inhibit translation initiation. Furthermore, 
#1181 induced expression of C/EBP homology protein 
(CHOP) and activating transcription factor 4 (ATF-4)- two 
downstream effectors of eIF2α phosphorylation (Figures 
1A, 2A, and 2B). In mechanistic assays, #1181 inhibited 
cancer  cell  proliferation  in  an  eIF2α  phosphorylation 
dependent manner. This was evidenced by the fact that 
replacing  endogenous  eIF2α  with  recombinant  eIF2α 
S51A mutant rendered the cancer cells resistant to 
inhibition of cell proliferation by #1181 as compared 
to cells in which endogenous eIF2α was replaced with 
recombinant  wild  type  eIF2α  (Figure  2C).  Consistent 
with demonstration that in intact cells, #1181 induces 
phosphorylation of eIF2α via Ca++ release from internal 
stores [40], this compound had no direct inhibitory effect 
on protein synthesis in cell-free lysates (Figure 2D). 
Expression  of  most  proteins  involved  in 
cell proliferation and malignant transformation is 
translationally controlled and is highly dependent on the 
activity of translation initiation factors. To determine if 
#1181 and 4EGI-1 translationally downregulate expression 
of oncogenic proteins, we performed Western blot (WB) 
and quantitative real time PCR (QRT-PCR) analyses of 
Figure 3: #1181 and 4EGI-1 preferentially inhibit expression of oncogenic proteins. A) CRL-2813 human melanoma cells 
were treated with the indicated concentrations of #1181 or 4EGI-1, lysates were prepared and probed with antibodies specific to Bcl-2, 
b-FGF, c-Myc, Cyclin D1, Cyclin E, Survivin, α-Tubulin β-Actin, and Ubiquitin. B) RNA was prepared from similarly treated cells and 
levels of cyclin D1, cyclin E, survivin, b-FGF, c- Myc, Bcl-2 and β-actin mRNAs were determined. Shown are mRNA levels for c-myc 
and bcl-2 relative to controls. Data for other mRNAs are shown in the Supplementary Figure S4. C) The level of various oncogenic and 
housekeeping mRNAs in the polysome fractions of cells treated with vehicle, #1181 and 4EGI-1 were determined by QRT-PCR.Oncotarget 2012; 3: 869-881 873 www.impactjournals.com/oncotarget
lysates from CRL-2813 human melanoma cells treated 
with #1181, 4EGI-1 or vehicle (DMSO). Figure 3A shows 
that both compounds significantly reduced the expression 
of c-Myc, Cyclin D1, Cyclin E, Bcl-2, bFGF and Survivin 
while the expression of housekeeping proteins such as 
β-Actin, α-Tubulin and Ubiquitin was not affected (for 
quantitation of WB data see Supplemental Figure S1). 
Down-regulation of most oncogenic proteins was likely 
translational because the compounds had minimal effects 
on the levels of the respective mRNAs (Figure 3B and 
Supplemental Figure S2). In a few instances, and only at 
high concentrations of #1181 or 4EGI-1, accumulation of 
oncogenic mRNAs was reduced (Supplemental Figure 
S2). These  findings  are  consistent  with  the  view  that 
inhibitors of translation initiation preferentially affect 
the expression of oncogenic proteins. This was further 
confirmed by QRT-PCR measuring the distribution of 
mRNAs in the polysome fractions by RT-PCR (Figure 
3C). The shift in polysome profile caused by treatment 
with #1181 or 4EGI-1 (Figure 1C) was associated with a 
preferential shift in the distribution of oncogenic mRNAs 
from heavy to light polysomes or polysome-free fractions. 
Both #1181 and 4EGI-1 translationally reduced the 
expression of mTOR protein (Figure 4A and Supplemental 
S3) and the phosphorylation of 4E-BP1 (Figures 4A) with 
no effect on the levels of mTOR mRNA (Figure 4B). 
This is consistent with the known pleiotropic effects of 
the mTOR [41]. It must be noted; however, that 4EGI-1 
inhibits eIF4E/eIF4G interaction independently of 4E-BP1 
binding to eIF4E [39]. Furthermore, neither  #1181 nor 
4EGI-1 impinge directly on the PI3-K Akt pathway that is 
activated in the MCF-7 and CRL-1500 breast cancer cells, 
or the B-raf/Erk pathway that is activated in CRL-2813 
melanoma cell line, as demonstrated by the experiment 
depicted in Supplemental Figures S4A and S4B. 
In vivo characterization of #1181 and 4EGI-1: To 
assess the in vivo anti-cancer activity of #1181 and 4EGI-
1 we attempted to determine the maximum tolerated dose 
(MTD) of both agents by injecting groups of 5 male and 
5 female nude mice with different intraperitoneal (i.p.) 
Figure 4: Translation initiation inhibitors abrogate mTOR expression and 4E-BP1 phosphorylation. A) CRL-2813 cells 
were treated with the indicated concentrations of #1181 or 4EGI-1. Cell lysates were probed with antibodies specific to mTOR, 4E-BP1 
phosphorylated (p4E-BP1) on the indicated residues, total 4E-BP1, and β-actin. B) Cells were treated as in A and level of mTOR mRNA in 
treated cells relative to control cells was determined by QRT-PCR.Oncotarget 2012; 3: 869-881 874 www.impactjournals.com/oncotarget
doses of each compound for 5 consecutive days. This 
was followed by observation for an additional 14 days. 
At the concentrations used, neither compound caused 
significant weight loss, behavioral changes, reduced daily 
food intake, or any other overt toxicity (Figure 5). Limited 
solubility of compounds in aqueous buffers precluded 
further dose escalation to determine MTD. The long-term 
organ toxicity was evaluated by treating mice i.p. for 21 
days with daily injections of the highest compound dose 
used in the efficacy studies described below. Necropsy 
pathological analysis of these mice did not reveal any 
macro- or microscopic evidence of organ toxicity (Figure 
6 and Supplemental S5).
Plasma  concentration-time  profiles  of  the  two 
compounds in mice treated i.p. with a 25 mg/kg of #1181 
in 200 µL of corn oil or 50 mg/kg of 4EGI-1 in 25 µl of 
DMSO are presented in Supplemental Figure S6A. Both 
compounds were rapidly absorbed from the peritoneal 
cavity, with peak concentrations C(max) =  5.2 µM and 
139 µM occurring at t(max) = 52 min and 43 min for 
#1181 and 4EGI-1, respectively. Plasma concentrations of 
both compounds decayed in a mono-exponential manner 
with half-life t1/2 = 1.6 h for #1181 and 3.4 h for 4EGI-
1.  Values of the apparent total body clearance were 
CL/F = 90.4 and 2.4 ml/min/kg for #1181 and 4EGI-1, 
respectively.  Furthermore, as shown in Supplemental 
Figures S6B and S6C, the plasma concentration of #1181 
or 4EGI-1 exhibited excellent dose dependence. The 
doses and treatment regimens were chosen based on these 
findings. Due to its lower plasma exposure and shorter 
half-life, #1181 was administered twice daily, (b.i.d.) 
while 4EGI-1 was administered once a day (q.d.).
Inhibition of tumor growth:
Mice bearing CRL-2813 human melanoma tumors 
(apparent volume of ≈ 200 mm3) were randomized into 
control and treatment groups. Compound #1181 was 
dissolved in corn oil and injected i.p. 175 mg/kg b.i.d 
in 125 µl corn oil 12 h apart. Control animals received, 
by the same regimen, the same daily amount of corn oil.   
Figure 7A (left panel) and Supplemental Figure S7A (left 
panel) show that #1181 totally abolished human melanoma 
xenograft tumor growth. 
To determine if #1181 inhibits growth of mammary 
tumors, estrogen-dependent MCF-7 human breast cancer 
cells were inoculated into the fat pad of the 4th inguinal 
mammary gland of female mice implanted with slow 
release 17-β-estradiol pellets in the subscapular region. 
Animals bearing ≈150 mm3 tumors were randomized into 
Figure 5: Maximum tolerated dose (MTD) assay for #1181 and 4EGI-1. MTD was assessed by injecting groups of 5 male 
and 5 female nude mice with different intra-peritoneal (i.p.) doses of each compound for 5 consecutive days followed by observation for 
additional 15 days, in accord with NIH protocols. At the concentrations used, injection of either compound did not result in significant 
weight loss, reduced daily food intake, behavioral changes or any other observable sign of toxicity.Oncotarget 2012; 3: 869-881 875 www.impactjournals.com/oncotarget
control and treatment groups and administered #1181 i.p. 
at 60 or 140 mg/kg b.i.d. in 100 µl of corn oil 12 h apart or 
the same regimen of daily amount of corn oil.  Figure 7A 
(right panel) and Supplemental Figure S7A (right panel) 
show that #1181 caused a dose-dependent inhibition of 
MCF-7 human breast cancer tumor growth; the highest 
dose induced a ≈ 30% regression of the tumors.
To determine the anti-tumor efficacy of 4EGI-1, 
mice bearing ≈ 200 mm3 human melanoma tumors were 
randomized into three groups and injected i.p. with 25 
or 75 mg/kg q.d. 4EGI-1 in 12.5 µl DMSO or 12.5 µl 
DMSO.  Figure 7B (left panel) and Supplemental Figure 
S7B (left panel) show that 4EGI-1 significantly, and dose-
dependently, inhibited human melanoma xenograft tumor 
growth.  Similarly, mice bearing orthotropic ≈200 mm3 
CRL-1500 derived xenograft breast tumors were treated 
i.p.  with  75mg/kg  q.d.  of  4EGI-1  in  12.5  µl  DMSO, 
with control animals receiving the same daily amount 
of DMSO. Figure 7B (right panel) and S7B (right panel) 
show that 4EGI-1 caused a significant inhibition of CRL-
1500 human breast tumor growth.
Molecular analysis of tumors 
To assess their in vivo mode of action, we evaluated 
the effects of #1181 and 4EGI-1 on the phosphorylation 
of eIF2α and disruption of eIF4E/eIF4G interaction in the 
excised tumors. Paraffin embedded sections of melanoma 
and breast tumors excised from mice treated with #1181 
or vehicle were stained with antibodies specific to S51 
phosphorylated or total eIF2α. Figures 8A and 8B show 
that #1181 significantly increased the phosphorylation 
of eIF2α in the tumors. The in vivo effects of compound 
4EGI-1 on the formation of eIF4F complex were 
investigated by pulling-down eIF4E from tumor lysates 
by 7-methylguanosine diphosphate (M7GDP)-Sepharose 
affinity  chromatography  followed  by  WB  analysis  of 
eIF4E, eIF4G and 4E-BP1. Tumors from mice treated 
with 4EGI-1 showed a reduced association of eIF4E with 
eIF4G and an increased association of eIF4E with 4E-BP1 
(Figures 8C and 8D). 
We also stained tumor sections with antibodies 
specific to phosphorylated 4E-BP1 and oncogenic and 
growth promoting proteins such as cyclin D1, cyclin E, 
c-Myc, Bcl-2, and VEGF. Consistent with their in vitro 
activities both #1181 and 4EGI-1 reduced phosphorylation 
of 4E-BP1 (Figure 9) and the expression of oncogenic 
proteins in the tumors (Figure 10 and Supplemental 
Figures S8-S10).  Both agents significantly reduced the 
expression of proliferating cell nuclear antigen (PCNA, 
Supplemental Figures S8-S10) without any effect on the 
expression of B-raf, phosphorylated Erk1/2 or Akt, or 
increase in the proportion of apoptotic cells as determined 
by TUNEL assay (Supplemental Figure S11).  
DISCUSSION
Excessive  activation  and/or  overexpression 
of translation initiation factors cause malignant 
transformation and maintenance of transformed 
phenotypes in vitro and in vivo [8-11, 27]. Translation 
Figure 6: #1181 displays no organ toxicity. Nude mice (5 mice each group) were treated i.p. with 175 mg/kg b.i.d. #1181 or vehicle 
b.i.d. for 21 days. At the end of treatment, mice were euthanized, major organs were harvested, stored in Bouin’s solution, and sectioned for 
microscopic examination. The displayed slides are representative of the sample pool available.Oncotarget 2012; 3: 869-881 876 www.impactjournals.com/oncotarget
initiation factors are also implicated in the genesis, 
maintenance and progression of human cancers [8, 16-19] 
suggesting that translation initiation may be an attractive 
target for cancer therapy. However, the lack of potent and 
specific small molecule inhibitors of translation initiation 
has hampered the experimental assessment of whether the 
translation initiation machinery can be pharmacologically 
targeted for therapeutic purposes. 
The work reported here provides direct evidence 
that inhibition of translation initiation with either #1181 
or 4EGI-1 abrogates tumor growth in two animal models 
of  human  cancer.  Compound  #1181  induces  eIF2α 
phosphorylation, which reduces the abundance of the 
TC. Compound 4EGI-1 inhibits eIF4E/eIF4G protein-
protein interaction, which reduces the abundance of 
the eIF4F complex [39, 40]. Both compounds abrogate 
tumor growth and cause comparable down-regulation of 
oncogenic proteins in vivo. Importantly, histo-pathological 
and hematological analysis of treated tumor-bearing 
mice demonstrated that neither 4EGI-1 nor #1181 cause 
any sign of overt toxicity. Our demonstration that both 
compounds recapitulate in vivo their biological activities 
in vitro validates the concept that the anti-cancer effect of 
both compounds is most likely mediated by inhibition of 
translation initiation. 
One of the oncogenic proteins translationally 
down regulated by both 4EGI-1 and #1181 is mTOR, 
which couples PI3K/Akt signaling with assembly of 
the eIF4F complex by inducing phosphorylation of 4E-
BP1. This in-turn reduces 4E-BP1’s affinity for eIF4E 
and makes it available for eIF4F assembly. This suggests 
the 4EGI-1 and #1181 may create a feedback loop that 
further potentiates their inhibitory effect, and potentially 
highlights another major advantage of small molecule 
inhibitors of translation initiation for cancer therapy. 
Our  findings  indicate  that  by  depriving  cancer 
Figure 7: In vivo efficacy of translation initiation inhibitors for cancer therapy. Mouse carrying xenografted human melanoma 
or breast cancer (~150 mm3) were randomly distributed to control and treatment groups and treated i.p. with the indicated daily doses of 
#1181 b.i.d. (A) or 4EGI-1 q.d. (B). Tumor dimensions were measured weekly and tumor volumes were calculated.Oncotarget 2012; 3: 869-881 877 www.impactjournals.com/oncotarget
cells of the oncogenic proteins critical for maintaining 
their transformed phenotype, small molecules #1181 
and 4EGI-1 target cancer cells at their “Achilles 
heel” [42, 43]. Targeting the expression of multiple 
oncogenic proteins that the cancer cells are addicted to 
represents a new paradigm in cancer therapy and has 
distinct  advantages  over  both  conventional  genotoxic 
therapies and recently developed therapeutic agents that 
target a single oncogene/survival factor [44]. The latter 
therapeutic approach is compromised because cancer 
cells develop resistance to the drug by either activating 
redundant/alternate pathway(s) to compensate for the loss 
of the targeted molecule or sustain mutations that renders 
the primary target refractory to the therapeutic agent 
[45]. Significant progress in resolving the structure of 
translation initiation factors [46, 47] as well as discovery 
of novel inhibitory agents [48], should significantly aid 
discovery  and  development  of  translation  initiation 
inhibitors. In conclusion, inhibition of translation initiation 
is a promising complement to the prevailing anti-cancer 
therapies because it is aimed at the convergent point of 
oncogenic  and  proliferative  pathways.  This  paradigm 
represents a solid rational for developing and testing small 
molecule inhibitors of translation initiation in clinical 
studies for anti-cancer therapy.
MATERIALS AND METHODS
Cell growth assay.
 All cell lines were purchased from American 
Type Culture Collection (ATCC), maintained per ATCC 
Figure 8: #1181 causes phosphorylation of eIF2α while 4EGI-1 disrupts eIF4E/eIF4G interactions in vivo. A) and B) 
human CRL-2813 melanoma (A) and MCF-7 breast (B) xenograft carrying mice were treated i.p. with #1181 (175 mg/kg and 120 mg/kg, 
b.i.d., respectively) for three days, tumors were excised, formaldehyde fixed, and stained with antibodies specific to S51 phosphorylated 
and total eIF2α. Bar graphs show ratio of phosphorylated to total eIF2α. The displayed section are representative of numerous sequential 
slices obtained. C and D) human CRL-2813 melanoma (C) and CRL-1500 breast (D) xenograft carrying mice were treated i.p. with 
indicated doses of 4EGI-1 for three days, tumors were excised, lysed, and eIF4E was pulled-down using M7GDP affinity column. Eluted 
proteins were blotted with antibodies specific to eIF4G, eIF4E or 4E-BP1.Oncotarget 2012; 3: 869-881 878 www.impactjournals.com/oncotarget
protocols and utilized within 6 months of thawing each 
vial. The inhibition of cell growth was measured by the 
sulforhodamine B (SRB) assay [31]. 
Polysome profiles.
Polysome profiles were obtained by the sucrose 
density gradient centrifugation method [29]. 
Animal studies.
CRL-2813 (451Lu, B-raf V600E mutant) melanoma 
cells were injected subcutaneously (2.5 x 105 cells in 0.1 
ml of 50% matrigel) into 6-week-old male nude mice 
(Charles River Laboratories). Tumor-bearing mice were 
randomized into control and treatment groups, treated 
intra-peritoneal (IP) with the vehicle, 4EGI-1 (75 and 25 
mg/kg q.d. in 12.5 µl DMSO) or #1181 (175 mg/kg b.i.d.   
in 125 µl corn oil), Tumor volumes were calculated as in 
[30] and results analyzed by Student’s t-test. 
Female mice implanted with 90 day slow release 
17-β-eastradiol  pellet  in  the  subscapular  region  were 
inoculated  with  MCF-7  (HTB-22,  PI3Kα  mutant)  or 
CRL-1500 (ZR75-1, PTEN deficient) human breast cancer 
cells into the 4th inguinal gland. Tumors were allowed to 
grow 150 mm3 size, animals were randomly distributed to 
control and treatment groups. Mice bearing MCF-7 tumors 
were treated IP with 140 or 60 mg/kg b.i.d.  #1181 in 100 
µl corn oil or corn oil alone. Mice bearing CRL-1500 
xenografts were treated i.p. with 75 mg/kg q.d. 4EGI-1 
in 1.5 µl DMSO or DMSO alone. All animal studies were 
approved by the Harvard Medical School Institutional 
Animal Care and Use Committee and conducted in 
accordance with the Animal Care and Use Committee 
approved protocols.
Immunohistochemistry. 
Formalin-fixed, paraffin-embedded tumor sections 
were immunostained with antibodies and counter-stained 
with hematoxylin. List and sources of antibodies are given 
in Supplemental Table S1. Pictures were taken with Nikon 
(ECLIPSE) microscope via Nikon (Plan Fluor) lenses by 
Nikon (TE2000-E) camera. Images were acquired in JPEG 
format using SPOT Advanced software and staining was 
Figure 9: #1181 and 4EGI-1 down-regulate the phosphorylation of 4E-BP1 in tumors. The sections from the excised 
tumors taken from the efficacy studies were stained with phospho-4E-BP1 (Thr37/46) antibody (Cell Signaling, cat. #2855). The data was 
quantified by ProImage software. The displayed section are representative of numerous sequential slices obtained.Oncotarget 2012; 3: 869-881 879 www.impactjournals.com/oncotarget
quantified with ProImage software.  All antibodies used 
for these studies are listed in Supplemental Table S2.
Western blot analysis.
The WB analysis was performed as described [49]. 
For eIF2α phosphorylation, cells were treated with either 
#1181 or DMSO for 1 hour. For analysis of other proteins, 
cells were incubated for 8 hours in the presence or absence 
of each compound. 
Quantitative Real-time PCR analysis.
Cells were incubated for 8 hours in the presence 
or absence of the compounds. The FastLane Cell SYBR 
Green Kit (Qiagen) was used to purify and analyze the 
mRNA levels with an Applied Biosystems Thermocycler. 
RT-PCR quantitation of the mRNAs relative to β-actin 
mRNA was done using the ΔΔCT method. Sequence-
validated QuantiTec probes for bcl-2, bFGF, survivin, 
mTOR, cyclin D1, cyclin E, c-Myc, and β-actin purchased 
from Qiagen Bio-technology were used for these mRNAs. 
QRT-PCRs  were  also  performed  to  determine  the 
polysome profile shifts for β-actin, mTOR, Bcl-2, c-Myc, 
cyclin  D1  and ATF-4  using  total  RNA  isolated  from 
polysome fractions.
m7GTP Pull-Down assay.
CRL-2813 cells were treated with 4EGI-1 or DMSO 
for 8 hours, harvested by centrifugation and lysed. The 
interaction of eIF4E with eIF4G was determined by the 
m7GTP Pull-Down assay as described [39]. For in vivo 
pull-down experiments, extracts of tumors excised from 
mice treated with either 4EGI-1 or DMSO were similarly 
analyzed.
AKNOWLEDGEMENTS 
This work is supported by Sponsored Research 
Agreement with Egenix Inc to J.A.H and G.W and NIH 
grant  1RO1CA152312  and  Department  of  Defense 
grant W81ZWH-05-1-0096  to B.H.A and NIH grant 
5R01CA121357 to MC. The authors declare no 
Figure 10: #1181 and 4EGI-1 downregulate expression of oncogenic proteins in xenograft models of human melanoma. 
#1181-treated (A) or 4EGI-1-treated (B) CRL-2813 human melanoma xenografts were immunostained with antibodies specific for PCNA, 
cyclin D1, cyclin E, c-Myc, bcl-2, and VEGF. For the immunohistochemistry images, pictures were taken in three random fields from 
each sample section. Figure S13 depicts quantification of the data. The displayed section are representative of numerous sequential slices 
obtained.Oncotarget 2012; 3: 869-881 880 www.impactjournals.com/oncotarget
competing interests.
REFERENCE
1.  Shahbazian D, Parsyan A, Petroulakis E, Hershey J and 
Sonenberg N. eIF4B controls survival and proliferation and 
is regulated by proto-oncogenic signaling pathways. Cell 
Cycle. 2010; 9(20):4106-4109.
2.  Miluzio A, Beugnet A, Grosso S, Brina D, Mancino M, 
Campaner S, Amati B, de Marco A and Biffo S. Impairment 
of cytoplasmic eIF6 activity restricts lymphomagenesis and 
tumor progression without affecting normal growth. Cancer 
cell. 2011; 19(6):765-775.
3.  Brina D, Grosso S, Miluzio A and Biffo S. Translational 
control by 80S formation and 60S availability: the central 
role of eIF6, a rate limiting factor in cell cycle progression 
and tumorigenesis. Cell Cycle. 2011; 10(20):3441-3446.
4.  Kozak M. An analysis of vertebrate mRNA sequences: 
intimations  of  translational  control.  J  Cell  Biol.  1991; 
115(4):887-903.
5.  Rosenwald  IB,  Lazaris-Karatzas  A,  Sonenberg  N  and 
Schmidt  EV.  Elevated  levels  of  cyclin  D1  protein  in 
response to increased expression of eukaryotic initiation 
factor 4E. Mol Cell Biol. 1993; 13(12):7358-7363.
6.  Dua K, Williams TM and Beretta L. Translational control 
of the proteome: relevance to cancer. Proteomics. 2001; 
1(10):1191-1199.
7.  Gingras AC, Raught B and Sonenberg N. eIF4 initiation 
factors: effectors of mRNA recruitment to ribosomes and 
regulators of translation. Annu Rev Biochem. 1999; 68:913-
963.
8.  Li BD, Gruner JS, Abreo F, Johnson LW, Yu H, Nawas 
S, McDonald JC and DeBenedetti A. Prospective study 
of eukaryotic initiation factor 4E protein elevation and 
breast cancer outcome. Ann Surg. 2002; 235(5):732-738; 
discussion 738-739.
9.  Avdulov S, Li S, Michalek V, Burrichter D, Peterson M, 
Perlman DM, Manivel JC, Sonenberg N, Yee D, Bitterman 
PB and Polunovsky VA. Activation of translation complex 
eIF4F is essential for the genesis and maintenance of the 
malignant phenotype in human mammary epithelial cells. 
Cancer cell. 2004; 5(6):553-563.
10.  Mamane Y, Petroulakis E, Rong L, Yoshida K, Ler LW and 
Sonenberg N. eIF4E--from translation to transformation. 
Oncogene. 2004; 23(18):3172-3179.
11.  Donze  O,  Jagus  R,  Koromilas  AE,  Hershey  JW  and 
Sonenberg N. Abrogation of translation initiation factor 
eIF-2 phosphorylation causes malignant transformation of 
NIH 3T3 cells. Embo J. 1995; 14(15):3828-3834.
12.  Jiang H, Coleman J, Miskimins R and Miskimins WK. 
Expression  of  constitutively  active  4EBP-1  enhances 
p27Kip1 expression and inhibits proliferation of MCF7 
breast cancer cells. Cancer Cell Int. 2003; 3(1):2.
13.  Graff JR, Boghaert ER, De Benedetti A, Tudor DL, Zimmer 
CC, Chan SK and Zimmer SG. Reduction of translation 
initiation factor 4E decreases the malignancy of ras-
transformed cloned rat embryo fibroblasts. Int J Cancer. 
1995; 60(2):255-263.
14.  Panwalkar  A,  Verstovsek  S  and  Giles  FJ.  Mammalian 
target of rapamycin inhibition as therapy for hematologic 
malignancies. Cancer. 2004; 100(4):657-666.
15.  Crew  JP,  Fuggle  S,  Bicknell  R,  Cranston  DW,  de 
Benedetti A and Harris AL. Eukaryotic initiation factor-
4E in superficial and muscle invasive bladder cancer and 
its  correlation  with  vascular  endothelial  growth  factor 
expression and tumour progression. Br J Cancer. 2000; 
82(1):161-166.
16.  Rosenwald IB, Hutzler MJ, Wang S, Savas L and Fraire 
AE. Expression of eukaryotic translation initiation factors 
4E and 2alpha is increased frequently in bronchioloalveolar 
but not in squamous cell carcinomas of the lung. Cancer. 
2001; 92(8):2164-2171.
17.  De Benedetti A and Harris AL. eIF4E expression in tumors: 
its possible role in progression of malignancies. Int J 
Biochem Cell Biol. 1999; 31(1):59-72.
18.  Nathan CA, Amirghahri N, Rice C, Abreo FW, Shi R and 
Stucker FJ. Molecular analysis of surgical margins in head 
and neck squamous cell carcinoma patients. Laryngoscope. 
2002; 112(12):2129-2140.
19.  Berkel HJ, Turbat-Herrera EA, Shi R and de Benedetti A. 
Expression of the translation initiation factor eIF4E in the 
polyp- cancer sequence in the colon. Cancer Epidemiol 
Biomarkers Prev. 2001; 10(6):663-666.
20.  Pincheira  R,  Chen  Q,  Huang  Z  and  Zhang  JT.  Two 
subcellular localizations of eIF3 p170 and its interaction 
with  membrane-bound  microfilaments:  implications 
for alternative functions of p170. Eur J Cell Biol. 2001; 
80(6):410-418.
21. Eberle J, Krasagakis K and Orfanos CE. Translation 
initiation factor eIF-4A1 mRNA is consistently 
overexpressed in human melanoma cells in vitro. Int J 
Cancer. 1997; 71(3):396-401.
22.  Shuda M, Kondoh N, Tanaka K, Ryo A, Wakatsuki T, 
Hada A, Goseki N, Igari T, Hatsuse K, Aihara T, Horiuchi 
S, Shichita M, Yamamoto N and Yamamoto M. Enhanced 
expression of translation factor mRNAs in hepatocellular 
carcinoma. Anticancer Res. 2000; 20(4):2489-2494.
23.  Haydon MS, Googe JD, Sorrells DS, Ghali GE and Li BD. 
Progression of eIF4e gene amplification and overexpression 
in benign and malignant tumors of the head and neck. 
Cancer. 2000; 88(12):2803-2810.
24.  Wang S, Lloyd RV, Hutzler MJ, Rosenwald IB, Safran 
MS, Patwardhan NA and Khan A. Expression of eukaryotic 
translation initiation factors 4E and 2alpha correlates with 
the progression of thyroid carcinoma. Thyroid. 2001; 
11(12):1101-1107.
25.  Wang S, Rosenwald IB, Hutzler MJ, Pihan GA, Savas 
L, Chen JJ and Woda BA. Expression of the eukaryotic Oncotarget 2012; 3: 869-881 881 www.impactjournals.com/oncotarget
translation initiation factors 4E and 2alpha in non-
Hodgkin’s lymphomas. Am J Pathol. 1999; 155(1):247-255.
26.  Raught B, Gingras A-C, James A, Medina D, Sonenberg 
N and Rosen JM. Expression of a translationally regulated, 
dominant-negative  CCAAT/enhancer-binding  protein  β 
isoform and up-regulation of the eukaryotic translation 
initiation  factor  2α  are  correlated  with  neoplastic 
transformation of Mammary epithelial cells. Cancer Res. 
1996; 56:4382-4386.
27.  De Benedetti A and Graff JR. eIF-4E expression and its 
role in malignancies and metastases. Oncogene. 2004; 
23(18):3189-3199.
28.  Marshall  L,  Kenneth  NS  and  White  RJ.  Elevated 
tRNA(iMet)  synthesis  can  drive  cell  proliferation  and 
oncogenic transformation. Cell. 2008; 133(1):78-89.
29.  Aktas H, Fluckiger R, Acosta JA, Savage JM, Palakurthi 
SS and Halperin JA. Depletion of intracellular Ca2+ stores, 
phosphorylation of eIF2alpha, and sustained inhibition 
of translation initiation mediate the anticancer effects of 
clotrimazole. Proc Natl Acad Sci U S A. 1998; 95(14):8280-
8285.
30.  Palakurthi SS, Fluckiger R, Aktas H, Changolkar AK, 
Shahsafaei A, Harneit S, Kilic E and Halperin JA. Inhibition 
of translation initiation mediates the anticancer effect of 
the n-3 polyunsaturated fatty acid eicosapentaenoic acid. 
Cancer Res. 2000; 60(11):2919-2925.
31.  Palakurthi SS, Aktas H, Grubissich LM, Mortensen RM and 
Halperin JA. Anticancer effects of thiazolidinediones are 
independent of peroxisome proliferator-activated receptor 
gamma and mediated by inhibition of translation initiation. 
Cancer Res. 2001; 61(16):6213-6218.
32.  Brunn GJ, Hudson CC, Sekulic W, J.M., Hosoi H, Houghton 
PJ, Lawrence JC, Jr. and Abraham RT. Phosphorylation 
of the translational repressor PHAS-1 by the mammalian 
target of rapamycin. Science. 1997; 277:99-101.
33.  Beretta  L,  Gingras  AC,  Svitkin  YV,  Hall  MN  and 
Sonenberg N. Rapamycin blocks the phosphorylation of 
4E-BP1 and inhibits cap- dependent initiation of translation. 
Embo J. 1996; 15(3):658-664.
34.  Mita MM, Mita A and Rowinsky EK. The molecular target 
of rapamycin (mTOR) as a therapeutic target against cancer. 
Cancer Biol Ther. 2003; 2(4 Suppl 1):S169-177.
35.  Graff JR, Konicek BW, Vincent TM, Lynch RL, Monteith 
D, Weir SN, Schwier P, Capen A, Goode RL, Dowless MS, 
Chen Y, Zhang H, Sissons S, Cox K, McNulty AM, Parsons 
SH, et al. Therapeutic suppression of translation initiation 
factor eIF4E expression reduces tumor growth without 
toxicity. J Clin Invest. 2007; 117(9):2638-2648.
36.  Malina A, Cencic R and Pelletier J. Targeting translation 
dependence in cancer. Oncotarget. 2011; 2(1-2):76-88.
37.  Cencic R, Carrier M, Galicia-Vazquez G, Bordeleau ME, 
Sukarieh R, Bourdeau A, Brem B, Teodoro JG, Greger 
H, Tremblay ML, Porco JA, Jr. and Pelletier J. Antitumor 
activity  and  mechanism  of  action  of  the  cyclopenta[b]
benzofuran, silvestrol. PLoS One. 2009; 4(4):e5223.
38.  Bordeleau ME, Cencic R, Lindqvist L, Oberer M, Northcote 
P, Wagner G and Pelletier J. RNA-mediated sequestration 
of the RNA helicase eIF4A by Pateamine A inhibits 
translation initiation. Chem Biol. 2006; 13(12):1287-1295.
39.  Moerke NJ, Aktas H, Chen H, Cantel S, Reibarkh MY, 
Fahmy  A,  Gross  JD,  Degterev  A,  Yuan  J,  Chorev  M, 
Halperin JA and Wagner G. Small-molecule inhibition of 
the interaction between the translation initiation factors 
eIF4E and eIF4G. Cell. 2007; 128(2):257-267.
40.  Natarajan A, Fan YH, Chen H, Guo Y, Iyasere J, Harbinski 
F, Christ WJ, Aktas H and Halperin JA. 3,3-diaryl-1,3-
dihydroindol-2-ones  as  antiproliferatives  mediated  by 
translation initiation inhibition. J Med Chem. 2004; 
47(8):1882-1885.
41.  Carnero A. The PKB/AKT pathway in cancer. Curr Pharm 
Des. 16(1):34-44.
42.  Weinstein IB. Cancer. Addiction to oncogenes--the Achilles 
heal of cancer. Science. 2002; 297(5578):63-64.
43.  Jain M, Arvanitis C, Chu K, Dewey W, Leonhardt E, Trinh 
M, Sundberg CD, Bishop JM and Felsher DW. Sustained 
loss  of  a  neoplastic  phenotype  by  brief  inactivation  of 
MYC. Science. 2002; 297(5578):102-104.
44.  Wysocki PJ. Targeted therapy of hepatocellular cancer. 
Expert Opin Investig Drugs. 19(2):265-274.
45.  Zitzmann K, Ruden J, Brand S, Goke B, Lichtl J, Spottl 
G and Auernhammer CJ. Compensatory activation of Akt 
in response to mTOR and Raf inhibitors - a rationale for 
dual-targeted therapy approaches in neuroendocrine tumor 
disease. Cancer Lett. 2010; 295(1):100-109.
46.  Yu  Y,  Marintchev  A,  Kolupaeva  VG,  Unbehaun  A, 
Veryasova T, Lai SC, Hong P, Wagner G, Hellen CU and 
Pestova TV. Position of eukaryotic translation initiation 
factor eIF1A on the 40S ribosomal subunit mapped by 
directed hydroxyl radical probing. Nucleic Acids Res. 2009; 
37(15):5167-5182.
47.  Gelev V, Aktas H, Marintchev A, Ito T, Frueh D, Hemond 
M, Rovnyak D, Debus M, Hyberts S, Usheva A, Halperin J 
and Wagner G. Mapping of the auto-inhibitory interactions 
of protein kinase R by nuclear magnetic resonance. J Mol 
Biol. 2006; 364(3):352-363.
48.  Chen T, Ozel D, Qiao Y, Harbinski F, Chen L, Denoyelle 
S, He X, Zvereva N, Supko JG, Chorev M, Halperin JA 
and Aktas BH. Chemical genetics identify eIF2alpha kinase 
heme-regulated inhibitor as an anticancer target. Nat Chem 
Biol. 2011; 7(9):610-616.
49.  Ziegeler G, Ming J, Koseki JC, Sevinc S, Chen T, Ergun 
S,  Qin  X  and  Aktas  BH.  Embryonic  lethal  abnormal 
vision-like  HuR-dependent  mRNA  stability  regulates 
post-transcriptional expression of cyclin-dependent kinase 
inhibitor p27Kip1. J Biol Chem. 2010; 285(20):15408-
15419.